A number of deterministic reservoir optimization models are capable of finding optimal basin allocation over multiple time steps simultaneously. This is commonly referred to as Multiple Time
INTRODUCTION
Early efforts to use computer models in the water resources field were aimed at simulating rainfall-runoff processes (Hydrologic Engineering Centre 2006) or to model propagation of flood waves using the mathematical relationships and empirical coefficients that describe them. Modelling of river basin management introduced additional complexity, requiring that the modellers identify target demands for various types of water use and handle different deficit-sharing policies among them. Depending on the allocation priorities, the available flow could completely bypass an upstream user and be allocated to a downstream user, or vice versa.
A major departure from previous modeling of physical processes was the need to either define a complex set of rules that account for every possible combination of supply and demand conditions, or to rely on the model to find the best way to regulate flows in the system, given the priority of supply assigned to each water use, in which case a built-in optimization solver treats the allocation problem as a mathematical program. A review of reservoir operation models for basin planning purposes was compiled by Wurbs (1993) and subsequently updated by Labadie (2004) .
The priority of supply represents the water rights (or water license) system in North America from where most of the early model development originated. The water licensing system can be represented using a linear programming (LP) formulation. Hence, early efforts focused on the search for efficient LP solvers, with typical objectives of finding an optimal set of network flows. This led to a widespread use of Network Flow Algorithms (NFA), with the earliest application of the Out-of-Kilter algorithm (Fulkerson 1961) .
has been replaced with alternative variants which were proven to be significantly faster such as the SUPERK algorithm of Barr et al. (1974) or, as in the case of the MODSIM model, the Relax4 network flow solver of Bertsekas & Tseng (1988) , which is also used in the REALM model (REALM 2006) .
In recent years a number of vendors have been abandoning the use of NFA in favour of fully functional commercial LP solvers. Although recent advances in commercial solution procedures have narrowed the gap in the computational effort between NFA and standard LP techniques, the principal reason for departure from NFA is its inability to properly account for non-network constraints, since NFA does not allow an easy inclusion of mutual dependences of flows that may exist among various network components. For example, return flows should be set to a fraction of consumptive use. This is an easy constraint for an LP solver: however, the NFA solvers can only handle it in an iterative fashion, requiring multiple NFA calls and an external algorithm for re-setting the bounds on the return flows for each subsequent NFA call.
Even more troublesome are dependences between the maximum outflow from a reservoir and its storage levels, some of which have recently been published (Ilich 2008; Ilich 2009 ).
In addition to the CALSIM model already mentioned above, a number of other vendors have proceeded to the deployment of Mixed Integer Programming (MIP) solvers in their models.
These include among others RIVERWARE (Zagona et al. 2001) , HEC-FCLP (Needham et al. 2000) , VISTA (Vista DSS 2006) and OASIS (Dean et al. 1998) . After having realized the limitations of NFA, Alberta Environment initiated re-development of WRMM using the object-oriented approach and the MS Visual C þþ compiler. The model relies on the use of the LINDO MIP solver library. This development started in 2000 and it will continue in the future subject to the levels of available funding. The MIP solution procedure was incorporated and tested in 2003. The model feature that is the subject of this paper is the recently added capability to solve water allocation programs for all time steps simultaneously for one hydrologic year or for all simulated years. It should be noted that other models such as RIVERWARE, VISTA, HC-FCLP and OASIS are also capable of optimizing allocation over single or multiple time steps. While there seems to be no universally accepted methodology on how to utilize multiple time step solutions for the development of practical short-term operating rules, this is one area of on-going research that holds out promise for improved future reservoir operations and overall river basin management. This paper explains the multiple time step optimization (MTO) feature and offers some insight into its potential benefits for reservoir operators and river basin planners. The next section discusses the model set-up for single time step (STO) and multiple time step optimization while the third section provides a numer- 
SINGLE TIME STEP VERSUS MULTIPLE TIME STEP OPTIMIZATION
A simple schematic of a river basin system with two reservoirs and two irrigation blocks is shown in Figure 1 . Optimizing each individual time step may be useful when studying impacts of various deficit-sharing policies among a multitude of different water users in complex river basins.
However, the principal drawback of single time step solutions is that they require a user-defined operating rule for reser- MTO can be formulated in the same manner as STO, but with the additional summation of the objective function over all time steps t that are solved simultaneously:
The same mass balance and flow capacity constraints are in effect when deriving MTO solutions. The principal difference is that MTO solutions are derived over the extended network, also termed the dynamic network. Figure 3 shows an example of a dynamic network for a small system consisting of one reservoir, one irrigation block, one diversion channel and two natural channels representing two river reaches. Symbols T 1 , T 2 and T 3 represent inflows into the same reservoir in time steps 1, 2 and 3, respectively. In the first time interval, the total available water is defined as the sum of the initial storage (V initial ) and inflow T 1 . Note that the ending storage of one time step is the beginning storage of the subsequent time step.
Storage at the end of the final time step is defined as V final .
An MTO solution for three simultaneous time steps
would therefore be applied on a network which is three times the size of the original network. This means that MTO solutions are much more difficult to obtain in terms of the required computational effort. For example, a moderate size problem with 300 variables in STO becomes a problem 
where Y t is the supply to an irrigation block in time step t, while D t is the target demand for the same irrigation block in the same time step and n is the total number of time steps Lund and Ferreira (1996) , except that their attempts to derive operating rules did not extend to downstream demand management, but rather focused on the anticipated reservoir levels for different times of the year.
Elevation (m)
Time ( They based their study on a monthly time step, which provides only 12 points within a year of assessing target storage levels, thus requiring linear interpolation between the points to make the suggested rules applicable for any day of the year. Another attempt to derive operating rules was based on an estimate of economic value function for carryover storage (Draper & Lund 2004 (c) Minimize deficits in supply to a 140,000 ha irrigation block which also has a return flow channel that returns 30% of the gross diversion into the block to the downstream river reach. A series of gross irrigation demands, which were the same from year to year, was used at this
NUMERICAL EXAMPLE
point. Further refinement of this approach could involve adjustments based on inclusion of precipitation series, which was beyond the scope of this project.
The following strategy was deployed in the development and testing of the short-term operating rules: The bottom-most zone with 1% probability should never be violated. This zone defines the minimum refill and maximum permissible drawdown for any year. (1) The Unrestricted Supply Scenario which has no operational rules at all other than to supply water from storage whenever it is available, first to meet the IFT and then to meet the irrigation requirements, without any application of the proposed demand hedging rules.
(2) The short-term operational scenario was run according to step (c) above using the STO mode with the adjusted demand levels which were prorated to all weekly demands, as well as with the storage zones constructed based on the 1938-1994 MTO solution. shows that the consequences of exercising water licenses selfishly without thinking ahead can lead to a disaster. In seven out of ten years the storage is completely empty for periods longer than five months, and in one year the storage remains empty for two months. It is obvious that this kind of operation would lead to crop failures and a failure to meet the instream flow obligations in eight out of ten years. Stochastic techniques also provide an opportunity to introduce a bias in the generated series to reflect antici- In closing, it should be mentioned that the proposed methodology addresses the key issues of both design and operation of water resource structures that act together as a system in complex river basins. Although only a single reservoir and two downstream demands are used in the numerical example, the method presented in this paper is applicable to systems with multiple reservoirs and a variety of water demands for which both the quantities and the temporal distribution is assumed to be predictable. There is neither a universally accepted methodology on how to optimize the design of an entire system, nor how to develop and verify a reliable short-term operational model that the operators would trust and use. The view expressed here is that the issues of optimal operation and optimal design are two faces of the same coin, since the design of complex systems cannot be achieved without first being able to find out how they should best be operated.
